We compared variability in two meristic and six morphometric characters with heterozygosity within and among 27 populations of chum salmon (Oncorhynchus keta) in southern British Columbia. Among individuals, there was no relationship between levels of heterozygosity at 10 electrophoretic loci and degree of meristic or morphometric variation. Decreased morphological variance was not associated with increased heterozygosity. Morphological variance and heterozygosity did not change with age for chum salmon maturing at three to five years of age. Among populations of chum salmon, increased levels of average heterozygosity were not associated with decreased variance of morphometric or meristic characters. Our results do not support the hypothesis that more heterozygous individuals show less phenotypic variability than more homozygous ones due to a canalisation of morphology during development.
INTRODUCTION
The relationship between genetic variance and phenotypic variance has been a topic of concern for several decades. Lerner (1954) suggested that in animals morphological variability is dependent in part on the degree of heterozygosity. Individuals that are heterozygous at many structural loci, or fewer regulatory loci, may be better able to moderate the effects of environmental variability than those that are predominantly homozygous, possibly by maintaining enzymatic activity and regulation of that activity over a wider range of physiological and environmental conditions (Koehn, 1970) . The homeostatic advantage (Johnson, 1977) during development of heterozygous over homozygous individuals may be reflected in decreased phenotypic variability.
The widespread use of electrophoresis to examine allozymic variability among and within populations allows testing of the hypothesis that individuals heterozygous at one or many loci have less morphological variance than those homozygous at the same loci. Mitton (1978) , working on the fish Fundulus heteroclitus, Eanes (1978) working on the monarch butterfly Danaus plexippus, and Angus and Schultz (1983) , working on the fish Poeciliopsis lucida, all provided evidence to suggest that among individuals, morphological variability is inversely related to heterozygosity. Soulé (1979) reported a negative correlation between heterozygosity and the degree of asymmetry in populations of lizards. Conversely, Handford (1980) found that heterozygosity was unrelated to morphological variance for a sparrow Zonotrichia capensis, as did McAndrew et a!. (1982) for plaice Pleuronectes platessa, and Yoshiyama and Sassaman (1983) for the stichaeid fish Anoplarchus purpurescens. No consistent relationship between morphological variability and genetic heterozygosity is thus apparent in vertebrate populations.
If heterozygosity does confer a developmental homeostasis that is selectively advantageous to individuals within a population, more homozygous individuals may show increased morphological variability and, on average, be further from the phenotypic mean of the population than heterozygous ones. Under these conditions, the action of stabilising selection would be a concurrent reduction of phenotypic variability and an increase in heterozygosity with age in the population. Among populations, higher values of average heterozygosity should result in decreased levels of morphological variability.
We investigated these topics by sampling spawning populations of chum salmon (Oncorhynchus keta) in southern British Columbia, Canada and comparing the degree of meristic and morphometric variability with enzymatic variability among individuals and populations. We also examined the relationship between biochemical and morphological variation in chum salmon by comparing genetic distance with Mahalanohis distances for morphometric and meristic characters on a pairwise basis between populations. Chum salmon in southern British Columbia return to spawn and die in their natal streams at 3 to 5 years of age (Ricker, 1980; Beacham and Starr, 1982) .
MATERIALS AND METHODS
Chum salmon stocks from different rivers in southern British Columbia were sampled in 1982 and 1983. The 27 stocks surveyed are outlined in fig. I . Details of the field sampling procedure have been outlined by . Summarised briefly, postorbital-hypural length (Vladykov, 1962) was recorded with a hypural stick to the nearest mm. Meristic characters counted were the number of gillrakers on the left most anterior gill arch and the number of branchiostegal rays on the left ventral side of the head. Morphometric characters measured to the nearest mm with vernier calipers were postorbital head length (Vladykov, 1962) , caudal peduncle depth, and base length and height of the anal and dorsal fins (Hubbs and Lagler, 1958) , The sex of each individual was confirmed by internal inspection.
Ages of chum salmon were determined from scales (Bilton and Ricker, 1965; LaLanne and Safsten, 1969 (Gould, 1966; Thorpe, 1976) . We standardized morphometric measurements by the method described by Beacham and Murray (1983 (23) Okeover (24) Toba (25) Orford (26) Southgate (27) Homathko.
(A) and centroid (M) for p variables is (Kendall, 1975) :
Analyses of variance were then conducted to deter- We compared variability in morphometric and meristic characters among populations and mean heterozygosity by comparing the mean coefficient of variation for each set of characters (pooled over all characters in the set) with mean heterozygosity.
We used the original unstandardized morphometric measurements in the analysis of the coefficients of variation. The morphometric characters measured have been previously shown to be sexually dimorphic in chum salmon (Beacham, 1984) , and thus males and females were analyzed separately. There was no sexual dimorph-ism in the meristic characters counted, and thus sexes were combined in the analysis.
We calculated genetic distances between pairs of populations by the method of Nei (1978) . We then compared genetic distance between all pairwise combinations of populations with
Mahalanobis distance based upon all morphometric characters (sexes separate, standardized measurements) and all meristic characters.
RESULTS

Individual heterozygosity and morphological variance
The first step of the analysis was to determine for each locus whether homozygous and heterozygous fish have the same mean values for each meristic and morphometric character. Less than 10 individuals of the 2809 chum salmon examined in this study were heterozygous for each of MDH-1,2, MDH-3,4, or AGP-1, and these loci were excluded from the analyses of variance. Of the 56 analyses of variance conducted (equation (I)) (7 loci by 8 characters) in order to test for differences in mean character values between homozygous and heterozygous fish, none was statistically significant. Therefore, if fish homozygous at any given locus display greater morphological variance than fish heterozygous at that locus, the average Mahalanobis distance (distance to the population centroid) would he greater for homozygotes than for heterozygotes.
We compared within stock variances of each meristic and morphometric character for homozygous and heterozygous fish at each of 6 loci and for all loci combined. The number of heterozygous individuals at the 6-PG locus was too small to provide a meaningful analysis. We tested the hypothesis that homozygous and heterozygous fish had equal variances for each character examined. Of 56 tests conducted, the F-statistic was <I 00 in 27 cases, equal to 1 00 in 6 cases, and greater than 100 in 23 cases ( We also compared chum salmon homozygous or heterozygous at each of the 7 most polymorphic loci for differences in variability for combined meristic and morphometric traits (table 3) . On a locus by locus basis, homozygous chum salmon were not more variable than heterozygous ones for meristic characters (F values range from 000 to 1 58, P> 005). For the morphometric characters, homozygous and heterozygous chum salmon were equally variable at all loci except ME (all P> 0.05). Chum salmon homozygous for ME were less variable morphometrically than were ones that were heterozygous (F=605; df= 1 and 2775; P< 0.05). This was also true for ME homozygotes and heterozygotes when all meristic and morphometric characters were combined (F=639, P<0.05). For all characters combined, chum salmon homozygous and heterozygous at other loci had similar levels of phenotypic variability (all P> 0.05).
Finally, we compared mean levels of variability for meristic and morphometric characters among chum salmon with different numbers of heterozygous loci (table 4) . There was no significant difference in levels of meristic variability for chum salmon having different numbers of heterozygous loci (F=081: df=5 and 2803: P>005). There were similarly no differences in morphometric variability (F=058, P>005) or total variability (F= 050, P>005) for chum salmon having different numbers of heterozygous loci. Thus, we found no relationship between heterozygosity at single loci or total number of heterozygous loci and degree of phenotypic variability in the chum salmon that were examined in this study.
We examined phenotypic variability and heterozygosity among chum salmon of different ages to detect any effects of stabilizing selection on phenotypic traits or genetic variability. There was no difference in the degree of meristic variability of chum salmon of different ages (F= 121, df=2 and 2703, P>005). There was also no difference in the level of morphometric (F =003, 119 (065) 1099 (621) 1113 (6.82) 1097 (6.26) 11.00(6.32) 1082 (5.53) 11-00(6-59) 1114 (685) 1109 (696) 1091 (590) 1150 (7.70) 1060 (426) 1147 (7.91) 1103 (475) 1064 (470) 1220 (6.24) 1232 (684) 1217 (629) 1221 ( 120 (065) 10.92(6.10)
1212 (615) 1 1064 119 (066) 1087 (579) 12-06 (583) 2 845 1-20(0-65) 11-27(7.76) 12-47 ( 
P>O05) or total variability (F=008, P>005)
among age groups (table 5) . Stabilizing selection for these traits, over the age groups examined, was not apparent in the chum salmon populations of this study. Similarly, no effect of selection on genotypes was apparent; the level of heterozygosity was similar among ages (F=0.45, P>005).
Population Heterozygosity and Morphology Variance
We compared the relative degree of variation of morphometric and meristic characters with the level of heterozygosity in a population. Chum salmon populations that had higher levels of heterozygosity also has a greater variability for morphometric characters ( fig. 2 ), but not for meristic ones ( fig. 3 ). Heterozygosity and morphometric variability were significantly correlated for both males (r = 049, df= 25, P <0.05) and females (r = 039, df=25, P<005), and for both sexes combined (r=0.42, df=52, P<005). Morphometric characters were relatively more variable than meristic ones, with the mean coefficient of variation for the meristic characters less than 7 per cent in all populations. Populations that were more heterozygous were all more variable morphometrically.
We compared genetic distance between all pairwise combinations of populations with Mahalanobis distance based upon all morphometric characters and all meristic characters.
There was no relationship between genetic distance females (r=OO9, df=349, P>OO5). As genetic distance between poluations increased, Mahalanobis distance based upon meristic characters also increased ( fig. 6) , with the correlation being significant (r=O.17, df=349, P<OOl). As populations became more similar in their allelic frequencies, they also tended to become more similar in the mean number of gilirakers and branchiostegal rays.
DISCUSSION
We demonstrated no relationship between morphological variability and levels of heterozygosity for chum salmon in southern British Columbia. There was no reduction in phenotypic variance that could be attributed to genetic homeostasis in chum salmon with comparatively more heterozygous loci. Morphological variability did not decrease with age in adult chum salmon, nor did heterozygosity increase with age. Both trends might be observed if morphological variability in chum was subject to stabilizing selection, and if high levels of heterozygosity contributed to a canalisation of morphology during development. The absence of a relationship between morphological variability and heterozygosity for individuals is not surprising in view of our small sample of the thousands of loci that constitute the chum salmon genome. Electrophoretic screening often, or even one hundred, loci does not provide an estimate of overall genomic heterozygosity unless there exists a large amount of linkage disequilibrium among loci. Pairwise tests of allelic associations among the chum salmon loci examined in this study revealed no significant linkage disequilibrium (Beacham et a!., 1985) . The relating of genetic to phenotypic variance is made more difficult by a consideration of regulatory loci, which control gene expression and exert a strong influence upon development. The consequences of heterozygosity at regulatory loci, whose proteins products, when they exist, are not screened by electrophoresis, may be disproportionately great (Johnson, 1977; Wilson, 1977 in another salmonid species, the rainbow trout (Salmo gairdneri), has been shown to influence developmental rates, meristic symmetry and age of maturity (Allendorf et a!., 1983) . Moreover, rainbow trout of differing Pgml-t genotypes also differed in eight meristic characters, presumably as a result of the influence of Pgml-t on development rate (Leary et a!., 1984 Mitton and Koehn (1975) correlated allelic frequencies in killifish populations with environmental variables, and documented sex-and agespecific changes in allelic and genotypic frequencies. This genetic variability was attributed to selection and Mitton (1978) , in his demonstration of a relationship between heterozygosity and morphological variability in killifish, provided the mechanism by which genotypic frequencies might be altered by stabilizing selection on morphological traits. An increase of heterozygosity with size has also been reported in the bleak, Alburnus alburnus, (Handford, 1983) , and a decrease in tuna, Kalswonus pelamis (Fujino and Kang, 1968) , but morphological variability was not monitored in these studies. McAndrew et a!. (1982) reported no relationship between levels of heterozygosity and morphological variability in plaice. There was no strong evidence for the action of stabilizing selection on plaice morphology over the age groups exalBined, and the authors suggested that an association between heterozygosity and morphological variance may he more likely apparent when selection can be shown to be operating on phenotypic characters.
The apparent absence of stabilizing selection on morphological variability in chum salmon may he real, or may be due to the fact that juvenile age classes were not surveyed. Selection may remove phenotypically extreme salmon from the population before adulthood. Similarly, the prevalence chum salmon populations (Beacham et a!., 1985) , coupled with a constancy of allelic frequencies and heterozygosity over adult age classes, is suggestive of a lack of selection on electrophoretic variability.
However, in some species, Hardy-Weinberg genotypic frequencies in adults apparently arise from juvenile non-equilibrium genotypic frequencies through selection (Fujino and Kang, 1968; Handford, 1983) . Thus, with our data we cannot rule out the possibility that selection may affect both phenotypic and genetic variance in juvenile chum salmon.
Regardless of whether or not the observed levels of heterozygosity in the chum salmon populations surveyed are due to natural selection or to stochastic events, we assume that the loci screened in this study reflect relative levels of heterozygosity at biochemical loci among populations. The fact that morphometric variability did not decrease, but actually increased, in more heterozygous populations indicates that increased levels of heterozygosity at biochemical loci do not reduce phenotypic variability by dampening the environmental component. The actual increase in morphological variability in more heterozygous populations may indicate that increased variability at electrophoretic loci is correlated with increased variability at the loci determining morphometric characters. The increased phenotypic variability in this case would be due to an increased genetic contribution. Kijima and Fujio (1984) found that average heterozygosity is related to effective population size in Japanese chum salmon populations. If this is also true for the chum populations of our study, the positive correlation between biochemical and morphological variation may simply result from decreased genetic drift, and therefore increased genetic variance, in populations with large effective sizes. Bryant (1984) We found a significant correlation between pairwise genetic distance and pairwise Mahalanobis distance based on meristic characters for the chum salmon populations surveyed in this study. In a survey of electrophoretic, meristic, and morphometric characters in lake whitefish Coregonus clupeaformis, Ihssen et a!. (1981) also found a correlation between Mahalanobis distance for the meristic variation and genetic distance for the electrophoretic variation. The morphometric characters surveyed in out study have previously been shown to be adapted to environmental conditions that the returning adult chum salmon encounter in their natal streams (Beacham, 1984) so that chum salmon spawning in large rivers and small creeks in close proximity to each other will be different morphometrically. Allelic frequencies and meristic frequencies of chum salmon spawning at similar times in dissimilar rivers in close proximity are similar, and appear to be less affected by differential selection among habitats than the morphometric characters.
